Concatenated sequences of all protein-coding genes in mitochondria recovered a known phylogeny of 11 vertebrate species correctly with statistical significance. However, when it was rooted by lampreys or sea urchins, the root of the vertebrate tree was placed between the mammal cluster and the chicken-frog-fish cluster or between the mammalchicken cluster and the frog-fish cluster, depending on the tree-making method used. Although the frog-fish or chicken-frog-fish cluster was biologically incorrect, it was again supported with a significantly high bootstrap value. In this study, we investigated the reasons why this happened. It has been suggested that an incorrect phylogeny may be constructed due to a change of amino acid composition in different lineages or due to homoplasies at sites with hydrophobic amino acids. However, our results indicated that these were not the causes of the incorrect rooting of the vertebrate tree. Rather, it was important to take into account an extensive rate variation across sites and different probabilities of substitution among different amino acids. The substitution rates for mitochondrial sequences vary considerably for different vertebrate lineages. In such a case, it is known to be important to use the model that reflects the actual substitution probability to obtain a correct tree topology. The correct rooting of the vertebrate tree was recovered when rate variation across sites was properly accounted for.
Introduction
The concatenated sequences of protein-coding genes from whole mitochondrial genomes have often been used to determine the phylogenetic relationships of vertebrate species (e.g., D'Erchia et al. 1996; Hasegawa and Adachi 1996; Noack, Zardoya, and Meyer 1996; Janke, Xu, and Arnason 1997) . When a phylogenetic tree was constructed for vertebrate species with a known phylogeny (Carroll 1988; Gingerich et al. 1994) , the correct phylogeny was constructed with statistical significance (Russo, Takezaki, and Nei 1996; Meyer 1996a, 1996b) . However, when more divergent species such as lamprey and sea urchin were added, the root of the vertebrate tree was placed between the mammal cluster and the chicken-frog-fish cluster (Nei 1996; Russo, Takezaki, and Nei 1996; Zardoya and Meyer 1996a; Naylor and Brown 1997) . This location of the root is apparently incorrect in a biological sense. However, it was again supported with statistical significance (Russo, Takezaki, and Nei 1996; Nei 1996) . In order to explain why this biologically incorrect tree was constructed with mitochondrial sequences, some authors suggested that the sites with the hydrophobic amino acids have accumulated many substitutions and give misleading signals for phylogeny construction (Naylor, Collins, and Brown 1995; Naylor and Brown 1997) or that changes in amino acid compositions affect the topology of constructed phylogeny (Foster, Jermiin, and Hickey 1997) .
However, some authors reported that the correct location of the root of the vertebrate tree topology was not obtained by removing the hydrophobic amino acids (Zardoya et al. 1998) . Moreover, it has not been exam-ined if the incorrect location of the root for the mitochondrial vertebrate tree was obtained due to amino acid compositional change. Therefore, it is still not clear why the incorrect phylogeny was constructed. In this study, we investigated the reasons why the incorrect phylogeny was constructed from whole mitochondrial sequences.
In mitochondrial protein-coding genes, rates of amino acid substitutions seem to vary substantially with different vertebrate lineages. It is known that in such a case, the use of an appropriate substitution model becomes important for construction of a phylogenetic tree (e.g., Nei 1991) . We will show that in order to construct a correct phylogeny in this case, it is important to take into account rate variation across sites (e.g., Yang 1996) , as well as the different probabilities of substitutions among amino acids and nucleotides.
Materials and Methods

Sequence Data
In addition to the 11 vertebrate species used by Russo, Takezaki, and Nei (1996) , we included 17 complete mitochondrial sequences of mammalian species in our analyses. The lamprey and two sea urchin sequences were also included as outgroup. The species names and the DDBJ/EMBL/GenBank accession numbers of the sequences are as follows. The common names are given in parentheses. Asterisks indicate the 11 vertebrate sequences used by Russo, Takezaki, and Nei (1996) . Homo sapiens/D38112 (human [African] ), H. sapiens/ X93334 (human [European] ), Pan troglodytes/X93335 (common chimpanzee), Pan paniscus/D38116 (pygmy chimpanzee), Gorrila gorilla/X93347 (gorilla 1), G. gorilla/D38114 (gorilla 2), Pongo pygmaeus/D38115 (orangutan 1), P. pygmaeus abelii/X97707 (orangutan 2), Hylobates lar/X99256 (gibbon), Bos taurus/V00654/ J01394* (bovine), Balaenoptera musculus/X72204* (blue whale), Balaenoptera physalus/X61145* (finback whale), Equus asinus/X97337 (horse), Equus caballus/ X79547 (domestic horse), Rhinoceros unicornis/X97336 (rhinoceros), Felis catus/U20753 (domestic cat), Hali- NOTE.-m is the number of shared amino acid sites, and S is the sum of branch lengths in terms of the number of substitutions per site. The branch lengths were estimated for the correct tree topology with the MTAA model. R and T indicate the Russo and Total sets, respectively. The numbers in the Tree columns indicate one of the three tree topologies with respect to the location of the root of the vertebrate phylogeny ( fig. 1 ). For the maximum-parsimony method, two or more numbers of the tree topologies are separated by slashes when those topologies are equally parsimonious.
choerus grypus/X72004 (gray seal), Phoca vitulina/ X63726/S37044 (harbor seal), Mus musculus/J01420* (mouse), Rattus norvegicus/X14848* (rat), Didelphis virginiana/Z29573* (opossum), Macropus robustus/ Y10524 (wallaroo), Ornithorhynchus anatinus/X83427 (platypus), Gallus gallus/X52392* (chicken), Xenopus laevis/M10217/X01600* (frog), Cyprinus carpio/ X61010* (carp), Crossostoma lacustre/M91245* (loach), Oncorhynchus mykiss/L29771* (trout), Petromyzon marinus/U11880 (lamprey), Paracentrotus lividus/J04815 (sea urchin 1), Arbacia lixula/X80396 (sea urchin 2).
Sequence Alignment
The multiple alignments of amino acid sequences for each of 13 protein-coding genes (table 1) were generated by CLUSTAL W (Thompson, Higgins, and Gibson 1994) and modified with inspection by eye. The alignment of amino acid sequences was imposed on that of nucleotide sequences. In the case of nucleotide sequences, the third codon positions were eliminated, and only the first and second codon positions were used for the phylogenetic analyses. The sites with indels were excluded from the sequence data. The analyses were conducted mainly for the alignment without sea urchins. The alignment was also made including sea urchins to see if this would change the result. Therefore, the results are shown mainly for the set without sea urchins. In total, there were 3,678 amino acid sites with no indels (shared sites) for the concatenated sequences of all 13 protein-coding genes (table 1) without sea urchins. In the case in which sea urchin sequences were included, there were 3,645 shared amino acid sites. Different multiple alignments were used for the cases with and without sea urchins. However, our preliminary analyses showed that the phylogenetic trees constructed from the two alignments were essentially the same. In some studies (e.g., Zardoya et al. 1998; Reyes, Pesole, and Saccone 1998) , nd6 was excluded because it is coded on the L strand, whereas the other genes are coded on the H strand. Moreover, the amino acid composition of nd6 seems quite different from those of the other genes. However, the constructed tree topology did not improve with the exclusion of nd6. Therefore, nd6 was included in our analyses.
Phylogenetic Analyses
The program packages MOLPHY (Adachi and Hasegawa 1996a) , PAUP* (Swofford 1999) , PAML (Yang 1998) , and NJBOOT (by N.T.) were used for construction of phylogenetic trees and estimation of substitution pattern. The phylogenetic tree was constructed by the maximum-parsimony (MP) method (Fitch 1971) , the neighbor-joining (NJ) method (Saitou and Nei 1987) , and the maximum-likelihood (ML) method (Felsenstein 1981) . The extent of rate variation across sites was estimated with the shape parameter (␣) of the gamma distribution by the MP method (Kocher and Wilson 1991) and by the ML method (Yang 1994) . Bootstrap analyses (Felsenstein 1985) were conducted with PAUP* for the MP and ML methods and with NJBOOT for the NJ method. NJ trees were constructed from amino acid sequences with Poisson distance (Nei 1987) and gamma distance (Ota and Nei 1994) , whereas NJ trees were constructed from nucleotide sequences with Tamura and Nei (1993) distance with or without assuming the gamma distribution for substitution rate across sites. For the ML method, when substitution rates at sites were assumed to follow the gamma distribution, the discrete gamma model (Yang 1994 ) with eight rate categories was used.
In the case of amino acid sequences, the substitution models used in the ML analyses were (1) the Poisson model, in which all the probabilities of a substitution among different amino acids are assumed to be equal; (2) the proportional model (Felsenstein 1981) in which the probability of a substitution depends on the frequen-FIG. 1.-The branching pattern of 28 vertebrate sequences (the Total set) and the locations of the root used in this study. The vertebrate sequences used in Russo, Takezaki, and Nei (1996) are indicated with asterisks. The numbers in the figure indicate the three locations of the root of the vertebrate phylogeny examined in this study (roots 1, 2, and 3). The tree topologies with roots 1, 2, and 3 are referred to as trees 1, 2, and 3 for both the Total set and the Russo set.
cy of a mutated amino acid; (3) the JTT model (Jones, Taylor, and Thornton 1992) , in which the substitution model was estimated empirically for nuclear genes; (4) the JTTf model, in which the JTT model was adjusted with the amino acid frequencies of the sequences analyzed (Adachi and Hasegawa 1996b) ; and (5) the MTAA model (Yang 1998) , in which the substitution model was estimated for mammalian mitochondrial genes. The phylogenetic trees were also constructed with the MTREV24 model (Adachi and Hasegawa 1996b) , but the results were essentially the same as those for MTAA model. Therefore, the results for the MTREV24 model were not shown. Note that the MTAA model was estimated for 20 mammalian sequences for 12 protein-coding genes excluding nd6, whereas the MTREV24 model was estimated for 23 vertebrate sequences with lamprey for all 13 genes. In the case of the ML analysis of nucleotide sequences, the substitution models used were Jukes and Cantor's (1969) (JC) model, in which all the probabilities of a substitution among different nucleotides are assumed to be equal; Kimura's (1980) twoparameter (K2P) model, in which transition and transversion have different rates; Hasegawa, Kishino, and Yano's (1985) (HKY) model, in which base frequency bias, as well as the transition-transversion bias, is taken into account; and Tamura and Nei's (1993) (TN) model, in which the transitional rates for purine and pyrimidines are assumed to be different, in addition to the assumptions of the HKY model. Phylogenetic trees were constructed for the set of 11 vertebrate sequences used by Russo, Takezaki, and Nei (1996) (Russo set) and a set of all 28 sequences (Total set) with lampreys as an outgroup. Further, sea urchin sequences were added to see if this would change the placement of the root. For the Russo set, MP trees were constructed with the branch-and-bound algorithm, and ML trees were constructed with the tree bisectionreconnection (TBR) search in PAUP* for nucleotide sequences. In the ML analyses of amino acid sequences for the Russo set, only the location of the root of the vertebrate tree was changed by fixing the branching pattern of the other part of the tree. This was also done for the Total set in the MP and the ML analyses, because computation time became prohibitively long. The branching pattern used in the analyses is shown in figure  1 . Note that although some parts of the branching pattern for the Total set are unestablished, the branching patterns are stable for this data set.
The root locations examined were (1) between the mammal-chicken-frog and fish clusters (root 1) (biologically correct), (2) between the mammal-chicken and frog-fish clusters (root 2), and (3) between the mammal and chicken-frog-fish clusters (root 3). In the following, the trees with roots 1, 2, and 3 will be referred as trees 1, 2, and 3, respectively, for both the Russo set and the Total set.
Hydrophobicity of amino acids was measured by the hydropathy index (Engelman, Steitz, and Goldman 1986) . The amino acids with hydropathy values greater than or equal to 1 or 2 were considered hydrophobic amino acids. These were C, F, G, I, L, M, T, V, and W or C, F, I, L, M, and V, respectively, for each case. However, the results for both cases were essentially the same. Therefore, only the former case is shown in the results. Table 1 shows the trees constructed from each gene by the different tree-making methods. Here, the three locations of the root were examined by fixing the other part of the tree for the Russo and Total sets in all the methods, as shown in figure 1. For the MP and ML methods, the total numbers of substitutions and the likelihood values were compared for the three tree topologies. For the NJ method, the clustering algorithm is embedded in a stepwise manner for searching a tree with a minimum sum of the branch lengths. Therefore, the sum of branch lengths (S) was estimated by the minimum-evolution method (Rzhestky and Nei 1992) for each tree topology, and the tree with the smallest sum of branch lengths was chosen. Note that in the case of the MP and ML trees constructed with the topology search and the NJ trees, there were minor differences in the branching patterns within vertebrate sequences for some genes. Table 1 also shows the number of shared sites and S. S was estimated for tree 1 by the ML method. The correct location of the root (root 1) was obtained for some of the genes. However, there was no obvious re-FIG. 2.-Phylogenetic trees constructed with different tree-making methods. In A-C, only lampreys were used as an outgroup. In D-F, lampreys and sea urchins were used as outgroup. A and D, MP trees. B and E, NJ trees. C and F, ML trees. MP ands NJ trees were constructed from amino acid sequences. However, the ML trees were constructed from the first and second codon positions of nucleotide sequences. The position of the root of the vertebrate tree was the same for the trees constructed from the amino acid sequence data. The root of the vertebrate tree is placed between the mammal and the chicken-frog-fish clusters for the MP and NJ trees and between the mammal-chicken and the frogfish clusters for the ML trees whether or not sea urchins are included. Thus, all methods placed the root of the vertebrate tree incorrectly. The numbers along the branches are bootstrap values. With the MP and ML methods, 100 replications were conducted. With the NJ method, 1,000 replications were conducted. The scale bar shows the number of substitutions per site in terms of the lengths of the branches of the tree.
Results
Phylogenetic Trees Constructed from Each Gene
lationship between the placement of the root and the properties of genes, such as the number of shared sites and the divergence level measured by S. Therefore, we concentrated on the analyses of concatenated sequences of all the genes in the following.
Phylogenetic Trees Constructed with Different TreeMaking Methods
Phylogenetic trees constructed from the concatenated sequences of all 13 genes for the Russo set are shown in figure 2. Note that when lampreys and sea urchins were not included, all the methods gave the biologically correct tree, and all the clusters were supported with significantly high bootstrap probabilities (BPs) (Russo, Takezaki, and Nei 1996) . In order to see how constructed tree topologies would be changed by different outgroups, the trees were constructed with only lampreys ( fig 2C and F) were constructed from nucleotide sequences. This was done because the ML algorithm (Swofford 1999) for computing the BPs without giving constraints on the clustering pattern was available only for nucleotide sequences. However, the tree topologies obtained FIG. 3 .-Frequencies of the numbers of substitutions for hydrophobic and nonhydrophobic amino acid sites. Hydrophobic amino acid sites and nonhydrophobic amino acid sites are sites at which all amino acids have hydropathy indices greater than one and less than or equal to one, respectively. The total set was used. There were 922 hydrophobic sites and 1,537 nonhydrophobic sites in 3,678 shared sites (see table 4 ). The number of substitutions was counted by the MP method assuming the correct location of the root of the vertebrate tree (root 1 in fig. 1 ). The average numbers of substitutions were 1.51 (Ϯ2.02) and 1.12 (Ϯ2.00) for hydrophobic and nonhydrophobic amino acid sites, respectively. for amino acid sequences by the ML method were the same as those for nucleotide sequences. Furthermore, the tree topologies obtained for nucleotide sequences by the MP and NJ methods were the same as those for amino acid sequences.
Table 2 Amino Acid Frequencies in Different Lineages
As shown in figure 2, the root of the vertebrate tree is placed between the mammal cluster and the chickenfrog-fish cluster (root 3) on the MP and NJ trees, and between the mammal-chicken cluster and the frog-fish cluster (root 2) on the ML trees. Although the locations of the chicken lineage are different for the MP or NJ trees and for the ML trees, the frog lineage clusters with the fish for all three tree-making methods. Thus, the location of the root of the vertebrate tree was incorrect irrespective of the tree-making method. The root locations remained the same when sea urchins were added ( fig. 2D-F) for all of the methods. Moreover, the same position of the root was obtained for the Total set by all of the methods (see table 1 ).
Most of BPs on the trees are 100% or nearly 100% and are virtually the same whether or not sea urchins are included. These include BPs for the frog-fish cluster in the MP and NJ trees. Thus, a biologically incorrect cluster is supported by a significantly high BP. However, BPs for the two clusters separating at the root changed considerably when sea urchins were added for all of the methods. For the MP method ( fig. 3A and D) , the BP for the chicken-frog-fish cluster decreased from 72% to 58%. However, with the NJ method ( fig. 2B and E) , the BP for the chicken-frog-fish cluster increased from 68% to 98%. Similarly, for the ML method ( fig. 2C and F) , the BP for the frog-fish cluster increased from 80% to 95%. Thus, when sea urchins were included, BPs for the chicken-frog-fish cluster in the NJ tree and the frog-fish cluster in the ML tree became significantly high. It seems that higher BPs tend to be given to a biologically incorrect cluster when sea urchins are included in the NJ and ML methods. Furthermore, for the ML method, the BP for the mammal-chicken cluster decreased from 70% to 56%, although it is biologically correct.
When only sea urchins were used as outgroup, the tree topologies obtained were the same as those obtained by including both lampreys and sea urchins. However, the BPs for the biologically incorrect clusters mentioned above were even higher or lower than those when both lamprey and sea urchins were included, depending on the methods used.
Amino Acid Compositions
Some authors have suggested that sequences with similar amino acid compositions tend to cluster together on the constructed tree (Foster, Jermiin, and Hickey 1997) . In order to see if the amino acid composition bias affected the topology of the constructed mitochondrial tree, amino acid compositions for different lineages were examined. Table 2 shows average amino acid frequencies for different groups. There were slight differences in frequencies within each group, but none of them was significant. In order to see the extent of the difference in amino acid compositions, 2 values were computed for pairwise comparison of different groups (table 3) . Within the mammalian groups, none of the 2 values was significant. However, there are significant differences for more divergent groups. In particular, fish and sea urchins have significantly high 2 values with all the other groups. Thus, indeed, amino acid composition tends to deviate as the divergence of sequences becomes large. NOTE.-Trees 1, 2, and 3 are tree topologies that have roots 1, 2, and 3 (see fig. 1 ). The site that supports Tree X is the one that has the smallest number of substitutions for tree X by the maximum-parsimony method.
a Sites with hydrophobic and nonhydrophobic amino acids. Now, let us examine whether or not the groups that cluster on the constructed phylogeny have similar amino acid frequencies. On the constructed trees ( fig. 2) , chicken, frog, and fish or frog and fish were in the same cluster in the MP and NJ trees or the ML trees, respectively. The 2 values are indeed relatively small among the three groups (table 3) . However, frog and chicken have smaller 2 values with some mammalian groups than with chicken or fish. Therefore, although there is a bias in amino acid frequencies among mitochondrial sequences, it seems unlikely in this case that the root of the mitochondrial vertebrate phylogeny was placed incorrectly due to this bias.
Furthermore, in order to take into account deviation of amino acid composition, the NJ tree was constructed with the LogDet distance (Lockhart et al. 1994; Swofford et al. 1996) . This distance does not require the assumption that the amino acid compositions are in equilibrium throughout the evolutionary time. However, the correct location of the root was not obtained using the LogDet distance. For amino acid sequences, the location of the root on the NJ trees was the same as that with the Poisson distance ( fig. 2B and E) (root 3), and for nucleotide sequences, the root of the vertebrate tree was placed between the mammal-chicken and frog-fish clusters (root 2). This also suggests that the incorrect root of the vertebrate phylogeny was not obtained due to the amino acid compositional change.
Hydrophobic Amino Acid Sites
Some authors (Naylor, Collins, and Brown 1995; Naylor and Brown 1997) have suggested that because hydrophobic amino acids tend to be replaced with other hydrophobic amino acids with a higher rate than do other amino acids, homoplasies at the sites with hydrophobic amino acids cause the complication of the constructed tree topologies. To see if this is the case, we computed the minimum number of substitutions at each site assuming the correct tree topology (tree 1) for the Total set ( fig. 3 ). Average numbers of substitutions at a site were 1.5 and 1.1 for sites with only hydrophobic amino acids and for those with only nonhydrophobic amino acids, respectively. Thus, the hydrophobic amino acid sites are indeed more variable than the nonhydrophobic amino acid sites. However, there are many more sites with zero or one substitution in nonhydrophobic amino acid sites than in the hydrophobic amino acid sites. The numbers of sites with two or more substitutions are similar for hydrophobic and nonhydrophobic amino acid sites. Furthermore, a large number of substitutions occurred for some nonhydrophobic amino acids as well as for hydrophobic amino acids (see fig. 3 ). Indeed, when the hydrophobic amino acid sites were removed, the correct tree topology was not obtained with any tree-making methods. Naylor and Brown (1997) indicated that a correct tree was obtained by removing the sites at which the frequencies of the amino acids C, G, M, N, and P have a modal peak. However, we could not obtain the correct tree by removing these sites either. This is in agreement with Zardoya et al. (1998) , who used lampreys and bichirs as outgroup.
In order to learn in more detail about the nature of the sites that affect the tree topology, we examined which of the three tree topologies with respect to the location of the root ( fig. 1 ) was supported by each site. The minimum number of substitutions at each site was counted for the three tree topologies. If the number of substitutions at a site is the smallest for one of the three tree topologies, the site is regarded as the one that supports the corresponding tree topology. Table 4 shows the number of sites that support each of the three topologies. In the case of the Total set, the numbers of sites that support trees 1, 2, and 3 were 51, 0, and 66, respectively, in 3,678 shared sites. Thus, there are only small differences in the numbers of sites that support the three tree topologies. This is consistent with the fact that there are also small differences in the total numbers of substitutions (total length) for the three trees (see table 4 ). Of the 51 sites that support tree 1, 26 consist of only hydrophobic amino acids, whereas of the 66 sites that support tree 3, 33 sites consist of only hydrophobic amino acids. Thus, there are slightly more hydrophobic amino acid sites that support tree 3 (constructed tree) than there are that support tree 1 (biologically correct tree). However, there are five nonhydrophobic amino acid sites that support tree 3 (incorrect tree), whereas none of nonhydrophobic amino acid sites support tree 1 (correct tree). Furthermore, quite a few sites that support trees 1 and 3 consist of both hydrophobic and nonhydrophobic amino acids. Similar results were obtained for the Russo set. This indicates that tree 3 (incorrect tree) is not particularly supported by hydrophobic amino acid sites. Therefore, grouping the sites with respect to the hydrophobicity of amino acids may not be useful for improving the efficiency of tree construction.
Rate Variation Across Sites
When substitution rate varies across sites, it may be important to take this rate variation into account in order to obtain a correct tree topology (Tateno, Takezaki, and Nei 1994; Yang 1995 Yang , 1996 . We measured the extent of rate variation across sites by ␣, which is inversely related to the extent of rate variation across sites. Values of ␣ are estimated for both amino acid sequences and nucleotide sequences. Table 5 shows the values of ␣ estimated by the MP and ML methods. For the ML method, ␣ is estimated for different models of substitutions. Because ␣ may be overestimated for divergent sequences, particularly by the MP method, ␣ values are estimated for primate and ferungulate sequences (see fig. 1 ) as well as the Russo and Total sets. In the case of amino acid sequences, indeed, ␣ values for primates and ferungulates are smaller than those for the Russo and Total sets. It is, however, interesting that ␣ values for ferungulates are smaller than those for primates, although the sequence divergence of the primates is lower than that of the ferungulates (data not shown). The Russo and Total sets have similar extents of divergence. However, ␣ values for the Total set are generally smaller than those for the Russo set. Thus, ␣ seems to be overestimated for a set of a small number of sequences. For nucleotide sequences, the estimated ␣ values are smaller than those for amino acid sequences, but the difference in the ␣ values for the different data sets was similar to that for amino acid sequences.
It is known that the MP method tends to overestimate ␣, particularly for divergent sequences (e.g., Yang 1996) . Indeed, the estimates of ␣ values by the MP method are about twice as large as the ML estimates. For amino acid sequences only for primates, in which sequences are closely related, the MP estimate of ␣ (0.63) is slightly smaller than some of the ML estimates (e.g., 0.70 with the JTTf model). Among the different substitution models for amino acid sequences, the JTTf model tends to give the largest ␣ values. The smallest estimates of ␣ are given by the MTAA model for the Total and Russo sets, whereas ␣ values for the proportional model are the smallest for primates and ferungulates. Because the likelihood values for the models increased in the order of the Poisson, proportional, JTT, JTTf, and MTAA models (see table 6), the fit of the models also seems to improve in this order. However, the values of ␣ estimated for different substitution models are not necessarily related to the fit of the model. As shown in table 6, most of ML estimates of ␣ are 0.4-0.5 for the Russo and Total sets, and the estimates for primates and ferungulates are slightly smaller than those.
Similar to the case for amino acid sequences, ␣ values estimated for nucleotide sequences by the MP method are twice or more as large as those by the ML method. The fit of the substitution models improved in the order of the JC, K2P, HKY, and TN models (see table 6), but ␣ estimates are slightly larger for the JC model than for the other models. ML estimates of ␣ values are 0.35-0.4 for the Russo and Total sets and 0.2-0.3 for primates and ferungulates.
The estimate of ␣ seems to be quite accurate for this range of ␣ (the standard error is less than 10% of the ␣ value) (Gu, Fu, and Li 1995; unpublished data) . This indicates that extensive rate variation exists across sites in the mitochondrial data.
Tree Construction by Taking into Account Rate Variation Across Sites
The above analysis showed that the substitution rate differs from site to site quite extensively. However, the phylogenetic trees were constructed without taking this into account ( fig. 2) . Now, let us construct the phylogenetic trees by taking this into account (fig. 4) .
For the MP method ( fig. 4A and D) , the weighted parsimony method was used (Williams and Fitch 1990) . Here, each site was weighted by 1/n, where n is the NOTE.-The different locations of the root of the vertebrate tree are shown in figure 1. Gamma distribution was assumed for substitution rate across sites. When the likelihood was computed, the gamma parameter (␣) was estimated for each tree topology.
number of substitutions at the site. n was counted by the MP method assuming the correct tree topology (tree 1). The branch-and-bound search was conducted for the Russo set, whereas only the three root locations were examined for the Total set. However, the same tree topology was obtained for the Russo set and the Total set in all cases. When only lampreys were used as outgroup, the biologically correct tree was constructed by the weighted-parsimony method for the amino acid sequence data ( fig. 4A ), as well as for the nucleotide sequences. When sea urchins were included, tree 1 was constructed for amino acid sequences ( fig. 4D ). However, tree 2 was obtained for nucleotide sequences (data not shown). This happened probably because the numbers of substitutions at sites were greatly underestimated for nucleotides, so that the weighting did not work effectively for the nucleotide sequences.
In the above, the weight for each site (1/n) was computed by assuming the correct tree topology (tree 1). However, if n was counted for incorrect tree topologies, the tree topology obtained by the weighted-parsimony method was also incorrect. The correct tree topology is usually not known in practice. Further, the weight for sites (1/n) seems to be greatly affected by the divergence level and the number of sequences in the data. Therefore, it seems difficult to apply this method in actual analyses.
The NJ trees were constructed with the gamma distance ( fig. 4B and E) . For both the Total set and the Russo set, the correct tree topology (tree 1) appeared when ␣ was set smaller than or equal to 0.25 for amino acid sequences and at 0.15 for nucleotide sequences. The same ␣ values were required to obtain a correct tree topology whether or not sea urchins were included. These ␣ values were smaller than those estimated for the Russo and Total sets. However, as shown in table 3, ␣ values for primates and ferungulates were smaller than those for the Russo and Total sets, and some of them were close to the ␣ values set here. Therefore, it is possible that the ␣ values set for construction of the NJ trees are close to the actual values.
For the ML method, the phylogenetic trees ( fig. 4C and F) were constructed for nucleotide sequences of the Russo set. For the Total set and the amino acid sequences of the Russo set, only the positions of the root of the vertebrate tree were changed. However, the same tree topology was obtained for nucleotide sequences and amino acid sequences, as well as for the Russo and Total sets. Note that the MTAA model and HKY model with the gamma distribution were assumed for amino acid sequences and for nucleotide sequences, respectively.
When only lampreys were used as outgroup, tree 1 was obtained with the ML method ( fig. 4C ). However, when sea urchins are added, tree 2 was constructed ( fig.  4F ). The early analysis indicated that amino acid compositions of sea urchins deviate considerably from those of vertebrate sequences (tables 2 and 3). However, in the substitution model of the ML analyses, amino acid compositions are assumed to be in equilibrium throughout the evolutionary process. Thus, due to the deviation of amino acid compositions of sea urchins, this assumption of stationary change in amino acids might not work efficiently for obtaining a correct tree topology. However, BP for the frog-fish cluster is 59% on the tree ( fig.  4F ). Therefore, this location of the root might be obtained due to sampling errors. Furthermore, when the correct tree topology is obtained with lampreys as outgroup, BPs for the mammal-chicken-frog cluster are relatively low (45%-78%) for all methods. Therefore, even though the trees were constructed with all the proteincoding genes in mitochondria, it was not enough to give statistical support for this location of the root. Note, however, that BPs for the mammal-chicken cluster are 90% or higher for all of the trees (see fig. 4 ). Thus, this cluster is statistically supported by taking into account rate variation across sites. Note that when only sea urchins were used as outgroup, tree 2 was obtained, as was the case when both lampreys and sea urchins were included (data not shown). However, BP for the frogfish cluster became higher.
The reason why the incorrect locations of the root were obtained when the rate variation across sites was FIG. 4 .-Phylogenetic trees constructed with different tree-making methods taking into account rate variation across sites. In A-C, only lampreys were used as an outgroup. In D-F, lampreys and sea urchins were used as outgroup. A and D, MP trees. A weighted MP was used. B and E, NJ trees. The gamma distance was used with the shape parameter ␣ ϭ 0.25. C and F, ML trees. MP and NJ trees were constructed from amino acid sequences. However, ML trees were constructed from the first and second codon positions of nucleotide sequences. The position of the root was the same for the trees constructed from the amino acid sequence data. By taking into account rate variation across sites, the correct location of the root was obtained for the vertebrate phylogeny with all methods. However, when lampreys and sea urchins were used as outgroup, the root was placed between the mammal-chicken and the frog-fish clusters for the ML tree. The numbers along the branches are bootstrap values. With the MP and ML methods, 100 replications were conducted. With the NJ method, 1,000 replications were conducted. not taken into account would be that a large number of substitutions accumulated at some sites. Therefore, we constructed phylogenetic trees by excluding the sites at which the number of substitutions is larger than three or two. Indeed, the correct tree topology was produced without considering the rate variation across sites in all of the methods (data not shown).
Different Substitution Models in the ML Analysis Table 6 shows the log-likelihood values of the tree topologies with three different root positions when only lampreys were used as outgroup. In the case of amino acid sequences, for both the Total set and the Russo set, the Poisson and proportional models gave the highest likelihood value to tree 2. In contrast, tree 1 is the ML tree with the JTTf and MTAA models. With the JTT model, the ML tree is tree 1 for the Total set, whereas tree 2 has the highest likelihood for the Russo set. Thus, although rate variation across sites is assumed for all of the substitution models, the constructed tree topology changes with the different substitution models. Furthermore, because the likelihood values increase in the order of the Poisson, proportional, JTT, JTTf, and MTAA models, it seems that the substitution models that fit better to the data tend to choose tree 1. As the fit of the model improves, even when tree 2 is chosen, the dif- For nucleotide sequences, a similar observation was made (table 6 ). The JC model gave the highest likelihood value to tree 2 for both the Russo set and the Total set. However, the highest likelihood value is given for tree 1 with the K2P, HKY, and TN models. Note that the likelihood values increase in the order of the JC, K2P, HKY, and TN models.
These results suggest that in order to obtain the correct tree topology, it is important to use the appropriate model for probabilities of substitution among different amino acids or nucleotides, as well as the assumption of rate variation across sites. The results of this study have shown that it is important to take into account rate variation across sites in placing the root of the mitochondrial vertebrate phylogeny. However, the correct tree topology was obtained for the vertebrate sequences without considering rate variation across sites when lampreys or sea urchins were not included (Russo, Takezaki, and Nei 1996) . Even when lampreys and sea urchins were added, the correct tree topology was obtained as far as only the vertebrate sequences were concerned. Whether or not the outgroup sequences were included, the extent of rate variation across sites was similar. Why, then, did this happen?
Discussion
As shown in figures 4 and 5, the substitution rate in mitochondrial sequences tends to accelerate in the order of fish, frog, chicken, and mammal lineages, and this rate variation for different lineages seems to be quite extensive. It is known from computer simulation studies that when the rate varies extensively for different lineages, the use of a substitution model that reflects an actual substitution pattern is important to obtain a correct tree topology (Nei 1991) . Indeed, as shown in this study, this was the case when outgroup sequences such as those of lampreys and sea urchins were included.
In contrast, according to simulation studies, if substitution rate is more or less constant for different lineages, the use of the actual substitution model is not important for obtaining a correct tree topology. Rather, a simple model of substitution works more efficiently (Nei 1991; Yang 1995) . Actually, without lampreys and sea urchins, the vertebrate tree can be regarded as a tree with a constant rate. Because tree-making methods used in this study construct an unrooted tree, the method itself does not place the root on the constructed tree. Without outgroup sequences, the root can be arbitrarily placed anywhere on the tree. Then, if the root were placed at the branch between the mammal cluster and the chickenfrog-fish cluster (see fig. 2B and E), the vertebrate tree would look like a tree with a constant rate.
This seems to be why the correct tree topology was obtained for the 11 vertebrate sequences without considering rate variation across sites. Furthermore, in this case, it was unimportant to consider the different probabilities of substitutions among different amino acids or nucleotides. The correct tree topology was obtained with simple models of substitution, such as the Poisson model for amino acid sequences and the JC model for nucleotide sequences (data not shown).
Problems in Phylogeny Construction May Change for Different Data Sets
In this study, we examined how the root of the vertebrate tree changed by using the data sets of 11 (the Russo set) and 28 (the Total set) sequences. However, if different sequences are included, it may be easier to obtain a correct tree topology than it was in these cases. For example, our data sets included only three fish sequences. If available fish sequences such as bichir, coelacanth, and lungfish were included, chicken and frog clustered with mammals rather than fish even without considering the rate variation across sites for the MP and ML methods (data not shown). However, note that the branching pattern among the fish sequences was unstable in the mitochondrial tree. Therefore, it is not clear where the root of the vertebrate tree is located among different fish species. The above result indicates that it becomes easier to obtain a correct location of the root by increasing the number of sequences in a cluster close to the root. This seemed to be the case when an alligator sequence was included in a chicken cluster. Although the correct location of the root of the vertebrate tree (root 1) was not obtained without considering the rate variation across sites, the location of the root changed from root 3 to root 2 for the MP and NJ methods without considering rate variation. However, in the case of the ML method, the location of the root remained the same as root 2.
Furthermore, as mentioned in Results, when sea urchins were included, the root of the vertebrate tree was not placed correctly with the ML method even when rate variation across sites was considered (see fig. 4F ). This seems to have happened because amino acid composition of sea urchins considerably deviates from that of vertebrate sequences (table 3) . Thus, the assumption of the stationary change of amino acid sequences may not work effectively for obtaining a correct tree topology in such a case. However, for mitochondrial genes, deviation of amino acid composition occurred quite frequently (table 3) . In our results, amino acid compositions of chickens and fish were quite different from those of mammalian species (table 2) . Also, even within mammals, amino acid compositions in mitochondrial genes seem to have changed in some lineages. For example, species such as the hedgehog (Krettek, Gullberg, and Arnason 1995) or the dormouse (Reyes, Pesole, and Saccone 1998) seem to have amino acid compositions quite different from those of other mammals (data not shown). Therefore, even within mammals, it may not be easy to construct a phylogeny with mitochondrial sequences in some cases.
The actual substitution pattern may be more complicated than the models in the phylogenetic methods. This study was mainly concerned with deviation of amino acid composition in different lineages and the variation of substitution rate across sites. However, complications can occur if substitutions are subjected to some sort of nonrandom change due to strong functional constraint or positive selection. If such a change often occurs, it may be impossible to reconstruct the phylogeny from such data. Thus, we may not be able to resolve the phylogenetic relationships of species from single data sets, particularly when the sequences are divergent and the lineages separated in a relatively short period of time. Therefore, in such cases, it is important to accumulate the sequence data from many genes in order to determine the phylogenetic relationships.
Sequence Alignment Availability
The multiple alignment used in this study is available at http://www.cib.nig.ac.jp/dda/ntakezak/ntakezak. html.
